resulting in three-dimensional network structures. 5 Often, these networks exhibit micro-or mesopore systems of huge internal surface area. 7 Applications of MOFs are envisioned in catalysis, [8] [9] [10] [11] [12] gas storage, 10 for gas and solvent purification, [13] [14] [15] and as nano reactors. 3 They may also be useful as highly selective molecular sieves, sensors, [16] [17] [18] [19] [20] [21] in microelectronics, 22 and for optical purposes. In addition, chiral MOFs are currently gaining research interest for enantioselective separation and catalysis. Recently, we have described the synthesis of chiral analogues of the metal-organic framework UMCM-1 (University of Michigan Crystalline Material-1) and their application in enantioselective separation. 1 Magnetic resonance spectroscopy is frequently used for the characterization of porous materials and their interactions with adsorbed species (host-guest interactions). For example, 1 H, 13 C, 27 Al, and 31 P magic angle spinning (MAS) nuclear magnetic resonance (NMR), [23] [24] [25] [26] [27] [28] [29] [30] diffusion measurements by pulsed field gradient 31 NMR, 129 Xe NMR, 32, 33 and electron paramagnetic resonance spectroscopy 34, 35 were previously applied to study MOFs. Here, we describe the solid-state NMR spectroscopic characterization of MOFs with respect to their chiral properties. Ad hoc, NMR is unable to discriminate different enantiomers of chiral compounds. However, liquidstate NMR offers approaches to detect chirality of dissolved molecules, e.g., via their interaction with intrinsically chiral, ordered systems such as liquid crystals or with so-called chiral shift agents. [36] [37] [38] [39] [40] [41] [42] If enantiomerically pure chiral shift agents are used, the substrate enantiomers can be distinguished through the formation of non-equivalent diastereomeric complexes. Chiral derivatizing agents form covalent bonds. Chiral solvating agents associate non-covalently with the substrate. The resulting complexes can be differentiated by NMR, e.g., via their different complexation-induced chemical shift changes. These differences are usually small, i.e., of the order of 0.1-1 ppm for 13 C. 40 Skogsberg et al. 43 studied chiral separation of enantiomers by high-performance liquid chromatography using a chiral stationary phase as well as by NMR spectroscopy. Compared to liquid-state NMR spectroscopy, solid-state NMR has only found a limited number of applications for chirality studies yet. Gajda et al. 44 applied 31 P solid-state NMR to study enantioselective inclusion complexation. Porto et al. 45 described resin-bound chiral derivatizing agents for the assignment of molecular configuration by high-resolution MAS NMR spectroscopy. So far, chiral shift agents were limited to liquid-state NMR where the line widths are low enough to measure the above-described small effects. In contrast, solid-state NMR spectra often exhibit line widths of several ppm. However, the solid-state 13 C NMR spectra of numerous metal-organic frameworks are extremely well resolved. This is particularly true for UMCM-1 and its chiral derivatives (see Fig. 1 and ESIw Fig. S2 and S3 ). In the present communication, we show for the first time the use of the chiral solvating agent 1-phenyl-2,2,2-trifluoroethanol (TFPE) 37, 38 for chiral recognition in MOFs by solid-state 13 C NMR spectroscopy. TFPE was chosen because it is known to interact with CQO groups, e.g., of lactones. 37 Furthermore, the relatively small TFPE molecule fits well into the large mesopores as well as into the smaller pores containing the chiral side groups in chirally modified UMCM-1 (ChirUMCM-1). UMCM-1 46 and its chiral, enantiomerically pure derivatives 1,47
iPr-ChirUMCM-1 (iPr = isopropyl) and Bn-ChirUMCM-1 (Bn = benzyl) were synthesized as described previously (Fig. S1 , ESIw) and loaded as described in ESI. crystallizes in a non-chiral space group P6 3 /m (no. 176). As expected, the 13 C CP MAS NMR spectra of the achiral MOF loaded with (R)-and (S)-TFPE are identical (Fig. S2, ESIw) . Loading with TFPE results in changes of the UMCM-1-spectra indicating strong host-guest interactions and/or adsorptioninduced changes of the mobility. However, these changes are identical for both TFPE-enantiomers. The signals of TFPE are clearly visible in 13 C CP MAS NMR spectra of the loaded UMCM-1 samples.
This would not be observed for pure liquid TFPE due to the isotropic motions of the molecules. The presence of carbon signals due to TFPE indicates a significant immobilization of the TFPE molecules by interactions with the hosts UMCM-1 and ChirUMCM-1.
Loading of both chiral MOFs with the different TFPEenantiomers results in significant changes of the spectra. The 13 C CP MAS NMR spectra of iPr-ChirUMCM-1 in the activated, unloaded state as well as after loading with equal amounts of the two different enantiomers (R)-/(S)-TFPE are shown in Fig. 1 . The carbon signals due to the chiral side groups -which are broad and almost undetectable in unloaded samples 1 -become clearly visible in loaded samples. The signals of carbon atoms 1-6 located at the chiral side group/linker are assigned. In the unloaded sample, the two signals due to C1 are only weak and broad and the signals due to C2-C5 are practically invisible. This effect is due to dynamical disorder of the mobile chiral side groups.
1 Appearance of these signals after loading is caused by the interaction of the chiral side groups with TFPE resulting in a better defined and/or less mobile state. Comparison of the spectra loaded with (R)-and (S)-TFPE reveals different chemical shifts for selected signals. Pronounced differences of the order of 0.1-0.4 ppm are observed for the signals due to C1 and C5 located at the chiral side group, i.e., near the stereochemical center and for signals due to the carboxylate group (C6) of the Chir-BDC-linker (see Fig. 2 ). The center of gravity of the signal due to the side group CQO (C5, Fig. 2 , top) exhibits a shift difference of 0.4 ppm for the two enantiomers.
Moreover, the C6-signals (Chir-BDC-linker carboxylate, Fig. 2 , bottom) also show clear chemical shift differences for loading with the two different enantiomers. In contrast, the carboxylate signal at ca. 177 ppm due to the achiral benzene-1,3,5-tribenzoate-linker (BTB-linker) occurs at the same position for (R)-and (S)-TFPE-loading. This observation shows that the different TFPE-enantiomers interact identically with the achiral linkers. Analogous experiments on the chiral MOF Bn-Chir-UMCM-1 (Fig. S3 and S4 , ESIw) revealed a similar behavior which confirms the described observations. In summary, the use of chiral shift agents allows chiral recognition in metal-organic frameworks by solid-state NMR spectroscopy as has been shown for iPr-ChirUMCM-1 and Bn-ChirUMCM-1 using enantiomerically pure (R)-/(S)-TFPE. Pronounced chemical shift differences were observed exclusively for carbon atoms located in the modified, chiral BDC-linkers. Interactions between the chiral BDC-linkers and enantiomerically pure (R)-or (S)-TFPE result in the formation of NMRdistinguishable complexes with different chemical shifts which can be measured due to the excellent spectral resolution of the 13 C CP MAS NMR spectra.
Financial support from the DFG (SPP 1362, CHIRMOF consortium) is gratefully acknowledged. 
Notes and references

